Small Scale Experiments of CO2 Boiling Liquid Expanding Vapor Explosion in Injection Pipes  by Zhou, Yi et al.
 Energy Procedia  61 ( 2014 )  782 – 786 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICAE2014
doi: 10.1016/j.egypro.2014.11.964 
The 6th International Conference on Applied Energy – ICAE2014 
Small scale experiments of CO2 boiling liquid expanding 
vapor explosion in injection pipes 
Yi Zhoua, Zhenyi Liua*, Qian Huanga, Feng Wangb, Deping Zhangb
aState key laboratory of explosion science and technology, Beijing Institute of technology, Beijing, China 
bPetroleum Production Technology Research Institute, PetroChina Jilin Oilfield Company, Songyuan, China
Abstract 
CO2 injection to enhance oil recovery (CO2-EOR), which can both sequester CO2 and increase crude oil supply, is 
now widely used all over the world. According to the prediction of international energy agency (IEA) in 2008, the 
potential ability of enhancing oil recovery for CO2-EOR is about 1600×108-3000×108 barrels, which will make a 
positive contribution to the sustainable development of oil and gas. However, CO2 injection pipes in deep wells are 
often suffering acid corrosion, by which the structural integrity of steel was destroyed. Thus, boiling liquid expanding 
vapor explosion (BLEVE) accident is more than likely to happen for CO2 injection pipes with high operating 
pressure. This paper gives a short description of CO2 BLEVE and presents results from preliminary, small scale 
experiments of CO2 BLEVE in injection pipes. The results indicated that CO2 undergone special decompression 
behavior during injection and the rapid phase transitions in BLEVE were different from gas explosions. But 
tremendous amounts of energy could also be released during BLEVE of this nonflammable pressurized liquefied gas 
(PLG) in P110 injection pipe, which made the burst pressure be more than 50 MPa and the pipes blasted in several 
fragments. The geometrical parameters of corrosion defect in injection pipe were extremely important to BLEVE and 
the final burst pressure.  
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1. Introduction 
Considering the threat of air pollution and global climate change, CO2 capture and storage (CCS) 
technology in geological reservoirs is now considered one of the main measures for achieving a drastic 
reduction in CO2 emission [1]. CO2 injection to enhance oil recovery (CO2 EOR) is an ideal option for 
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CO2 geological storage because it can both sequester CO2 and increase crude oil production [2]. However, 
highly concentrated CO2, in addition to free water, H2S, S compounds and oxygen, causes pipeline steel 
to experience acid corrosion [3,4]. Almost all old pipelines are suffering from corrosion, which destroys 
their structural integrity and weakens their stress capacity [5]. As a typical pressurized liquefied fluid, 
CO2 has the risk of boiling liquid expanding vapor explosion (BLEVE) in corroded injection pipe during 
CO2-EOR production under high pressure and would bring great risk to facilities and industrial operators. 
Similar accidents have happened in the Tarim, Huabei, Jilin and Zhongyuan oilfields in China, which 
have led to great economic loss. 
In this paper, small scale experiments of CO2 BLEVE in injection pipes with longitudinal groove 
defects were programmed to research on the process of BLEVE and the possible burst pressures. The 
results would be useful for material selection, structural design, safety operation and integrity assessment 
in CO2-EOR project [6]. 
2. Mechanism of CO2 BLEVE 
According to the Centre for Chemical Process Safety [7], ‘a BLEVE is a sudden release of a large 
mass of pressurized superheated liquid to the atmosphere’. The sudden release can be caused by failure of 
confinement, which in most cases is due to fire, missile hit, tank rupture or corrosion, etc. 
Once the pressurized pipe partly ruptures, the suddenly drop of pressure will make the initial state of 
liquid and vapour CO2 in thermodynamic equilibrium be broken and evolve a fast phase change by 
evaporation. This quick phase change from liquid to vapor causes a large volume increase. Before the 
evaporation starts, the superheated liquid is in a metastable state and the temperature is higher than the 
boiling temperature. Subsequently, the volume of the system will increase depending on evaporation rate 
and ambient air will be pushed aside, with a blast wave as possible consequence. A number of scientists 
had made their researches on this process. Based on their observations, the main steps of a BLEVE are 
summarized by Tasneem Abbasi as follows [8]: (a) Partly failure of vessel; (b) Phase transition; (c) 
Bubble nucleation; (d) Explosion due to depressurization and bubble nucleation; (e) Blast wave formation 
inside the vessel; (f) Entirely rupture of vessel; (g) Possible consequences, blast wave in surroundings, 
missiles or dispersion of toxic fluid. Thus, if a similar failure occurred in CO2 injection pipe of CO2-EOR 
project, tremendous energy would be released and the burst pressure would be amazing. 
3. Experimental details 
To simulate this CO2 BLEVE scene in CO2 injection pipe and test the possible burst pressure, we 
designed our experimental system with the main sections of CO2 injection apparatus and the pressure 
vessels-P110 carbon steel specimens. 
Based on the special phase behavior of CO2, a CO2 injection apparatus was designed consisting of a 
refrigeration system, an injection system, a control system and a data acquisition system. 40-L CO2 bottle 
with a pressure of 5 MPa and purity of 99.9% supplied the gas needed in this study. Gaseous CO2 released 
from the bottle was firstly refrigerated and liquefied by the refrigeration system and went through the 
pressurizing system for pressurization and finally injected into the experimental specimen. The pressure 
vessels of this study were cut from P110 carbon steel pipes with the outer diameter and thickness of D 73 
mm×5.5 mm, and the material properties of density ȡ=7.85 g/cm3, elastic modulus E=206 GPa, shear 
modulus G=79.2 GPa, Poisson’s ratio Ȟ=0.3 and yield stress ıy=760 MPa. All specimens were machined 
to 300 mm in length with one end sealed by welding high strength alloy steel and the other side welded 
with a CO2 feed inlet and a  temperature test port, as depicted in Fig. 1 (b, c). PT100 thermal resistor was 
settled in the temperature test port and pressure transducer (PTB203) was installed at the end of the 
784   Yi Zhou et al. /  Energy Procedia  61 ( 2014 )  782 – 786 
connecting pipe with a range of 0 MPa~150 MPa. Considering the most common corrosion type, 
longitudinal grooving defects were artificially machined on the external surface of specimens (Fig. 1(a)) 
with defect length of 100 mm, width of 5 mm and depths of 1.0 mm, 2.5 mm, 3.0 mm, 3.25 mm, 3.5 mm 
and 4.0 mm, respectively. The explosion was also recorded using a high speed video camera with a frame 
rate of 2000 frames/sec. 
4. Results and discussions 
4.1 CO2 BLEVE phenomena 
Six experiments conducted with different defect geometries were coded T1-T6. During the injecting 
process, internal temperature and pressure in specimens filled with CO2 got rise step by step, for example 
specimen T5 in Fig.2. And when internal pressure became 7.38 MPa, CO2 undergone a phase change and 
a big increase in compressibility, so as a rapid increase in internal pressure. Right before failure, 
deformation grown rapidly in the weakest region of specimen (usually in the defect region) and a 
localized bulge was formed. For specimens with longitudinal grooving defects, it mainly failed along the 
groove line, with a large crack. Other than that, the burst of the specimen was also accompanied by a 
sharp drop of the applied pressure, as depicted in Fig. 2. 
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Fig. 1  Machined specimen           Fig. 2  Internal pressure and temperature changes over time for specimen T5 
Besides that, a typical result from this catastrophic failure test was shown in Fig. 3 with the help of 
high speed video camera. In Fig.3 (a), we found that the specimen started to crack on the centre of the 
longitudinal defect. In Fig.3 (b), 0.1ms later, CO2 began to leak out through the crack with a high speed. 
Phase changes were quickly going on and CO2 went through a fast boiling period. In Fig.3 (c), a large 
portion of supercritical CO2 evaporated into gas state and the enormous energy, together with the possible 
blast wave formed during CO2 evaporation, made the crack larger. Finally in Fig.3 (d), CO2 inside the 
specimen totally released with a visible large bulk of white smog. 
2000fp
(a) (d)(c)(b) 
 Yi Zhou et al. /  Energy Procedia  61 ( 2014 )  782 – 786 785
Fig.3  High speed video snapshots 
4.2 Burst pressures 
The internal pressure at which the specimen bursts is recognized as the burst pressure. For specimen 
T5, it failed at point C in Fig.2 with the internal pressure and temperature of 70.10 MPa and 60.6 ºC. 
Burst pressures of specimen T1-T6 were listed in Table 1. Apparently, the sizes of crack were directly 
correlated with their burst pressures. The tremendous amounts of energy covered in specimens with 
higher burst pressure made the failure crack larger. For example, specimen T6 exhibited the lowest burst 
pressure (51.70 MPa) and the smallest crack (1.9 cm), whereas specimen T1 showed the highest burst 
pressure (125.77 MPa) and the largest crack (15.8 cm). With the same amounts of CO2 and pressurization 
procedures, defect geometric parameters were clearly the dominant factors for burst pressures. 
Table 1  Geometric properties and burst pressures of tested specimens 
No. T1 T2 T3 T4 T5 T6 
l/mm 100 100 100 100 100 100 
d/mm 1.00 2.50 3.00 3.25 3.50 4.00 
c/mm 5.00 5.00 5.00 5.00 5.00 5.00 
d/t 0.18 0.45 0.55 0.59 0.64 0.73 
Pb /MPa 125.77 91.90 81.70 75.30 70.10 51.70 
According to the open literatures [9], depth of the defect d has detrimental effect on the burst 
pressure, but with varied severity depending on the d/t range. Basically, small value of defect depth on 
pipelines, for example d/t<0.1, has little effect on burst pressures, while for large degree of d/t>0.8, the 
burst pressure would be weaken by 70% at least [10]. Thus, we focused on the interval of 0.1 0.8d t≤ ≤
as shown in Fig. 4 for experimental burst pressures of specimens T1-T6 with defect length l=100 mm. It 
shown that experimental burst pressures were nearly negatively linearly related to d/t with a big drop 
ratio. When d/t changed from 0.18(T1) to 0.45(T2), the burst pressure dropped from 125.77 MPa to 91.90 
MPa, for a decrease of 27%. When d/t further increased to 0.73 (T6), burst pressure dropped to 51.7 MPa 
(58.9% decrease). It all proved that the maximum depth of defect played a decisive role in the burst 
pressure. 
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5. Conclusions 
To research on the CO2 BLEVE risk in CO2 injection pipe during CO2-EOR production, small scale 
experiments were conducted to simulate the CO2 boiling liquid expanding vapour explosion process in 
P110 pipes with longitudinal external corrosion defects. It showed that P110 injection tubes with 
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longitudinal groove defects had the risk of CO2 BLEVE and a large bulk of CO2 released during this 
process. This boiling liquid expanding vapour explosion made the tremendous energy covered inside the 
pressurized pipe released and pipe ruptured along the defect line with a large crack and finally blasted 
with high burst pressure. Moreover, it was found that the defect depth had detrimental effect on the burst 
pressure. 
These works are the preliminary achievements of our research, there are still a lot to be focused on: 
(a) The detailed mechanism of superheated metastable liquid CO2 boiling is not clear. More tests on the 
micro mechanism of CO2 boiling during the rapid depressurization period of BLEVE need to be studied. 
(b) Shock wave and fragments are the main consequences of CO2 BLEVE in a pressure vessel and are 
capable of generating severe domino events, causing severe injuries and even fatalities. The traditional 
empirical equations may not be so applicable and more work should be done on them. (c) Defect 
dimensions are important factors for CO2 BLEVE in injection pipe. Further researches should be 
conducted on the influences of defect length, depth and width.  
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